Introduction
The subject of thls paper became a serlous sclentlflc dlsclpllne about 35 years ago when Llghthll 126*27 pub1 1 shed hls acoustic analogy theory of jet nolse. domlnated t h e subsequent development of thls subject, whlch I s stlll somewhat Incomplete--even though It has undergone little change In the past five years o r so. Thls paper does not place much emphasls o n the acoustic analogy but rather concentrates o n an alternative approach, whlch may be more readily adapted for use on large-scale computers t o obtain more detailed information about the sound fleld than would be posslble from t h e acoustic analogy. culatlng t h e unsteady flow that produces the sound slmultaneously wlth the resulting sound fleld, starting from some prescrlbed upstream state that I s Ideally speclfled just ahead of thls region where the sound generatlon takes place. To make progress wlthout resortlng to full-scale numerlcal computation requires that the governlng equatlons be llnearized about some appropriate mean flow. .But that ultlmately has to be done, either lmpllcitly or expllcltly. even with the acoustlc analogy approach. I have no doubt that the day wlll come when turbulence-generated sound I s calculated dlrectly from the Navler-Stokes equatlon, but. to my knowledge, that has yet to be done, and there I s much t o be learned from the exlstlng work, whlch has often led t o relatively simple formulas that show encouraging agreement wlth experlment and produce a great deal of lnslght Into and physlcal understandlng o f the sound generatlon process. Thls paper I s a very selective revlew of that work, and It adopts a very speclflc vlewpolnt.
That work has more or less Thls approach amounts t o little more than cal-
The use of llnearlzed theory to calculate turbulent flows or, better yet, changes In turbulent flows js a branch of turbulence theory now known as "rapid-distortion theory" (see Hoffatt31). It assumes that the following assumptlons are satisfied (Hunt24): (a) that u'/U << 1, where u' i s the rms turbulence velocity and U I s the local meanflow velocity; and (b) that the Interaction or change belng calculated be completed in a tlme, TI To accompllsh thls, one must flrst declde on an appropriate representatlon of the lncldent turbulence. Thls would be rather easy t o do If the mean flow were completely uniform, slnce any solutlon for the unsteady veloclty/pressure fluctuatlons could then be decomposed Into the sum of an "acoustlc solution" that carries n o vorticity and vortical solutlon which produces no pressure fluctuations and which I s often referred t o as the "gust" or "hydrodynamic" solution. The latter i s used to represent the incident turbulence in most problems that Involve the interactlon of turbulence with solld surfaces embedded in unlform mean flow. Its sultabllity for this purpose I s largely due t o the following reasons:
(1) It does not become infinlte anywhere In space, even In the absence of solid surfaces, so that it can describe the turbulence field that would exist If the surfaces were not present.
tlties that can be specifled as upstream boundary conditlons to describe the turbulence entering the interaction zone In any given problem. This seems to be the approprlate degree of generality, because the the vortlclty i s a convected quantity that has only two independent components (since its dlvergence must vanlsh). One can therefore look for an alternatlve way to make the solution unique. treating the steady-state solution, which i s , of course, the one of interest here, as the long tlme limit of the solution to an Initial-value problem, and then Imposing a "causality condition" In the sense that the solution I s required t o be identlcally zero before the lnitlal tlme when the incldent dlsturbance i s "turned onH (Crighton and ~eppingtong). This can be done by But R l e n~t r a~~ argued that an inltial condltlon imposed In the dlstant past may not be relevant to the steady-state solution. since the linearization might only be valid over a relatively short interval of time. One might therefore conslder a thlrd way of rnaklng the solution unique. This amounts to using the elgensolutlon to eliminate the leadingedge singularity that appears In both the bounded and causal solutions, 1.e. by satisfying a leadlngedge "Kutta condltlon" (Goldsteln20). be ratlonallzed by noting that the lnstablllty wave represents downstream vortex sheddlng that could adjust itself t o eliminate the singularity in the inviscid solution and thereby prevent any flow separation that would otherwise occur at a very sharp edge. 
d pressure f l u c t u a t i o n n2 again s a t i s f i e s a t h i r d -o r d e r wave equation, b u t i t i s more convenlent t o work w i t h the i s e n t r o p i c d e n s i t y f l u c t u a t l o n hoc acoustlc-analogy approach, t h i s systematic procedure assures t h a t a l l a p p r o p r i a t e conservation laws w i l l be s a t i s f i e d and t h a t t h e a c o u s t i c sources w i l l be o f t h e a p p r o p r i a t e m u l t i p o l e order. But i t seems t o have c e r t a i n advantages over t h e acoustlc
analogy i n t h a t i t provldes a "rational" framework f o r assessing t h e i n t e r n a l consistency o f the v a r ious j e t -n o l s e analyses. I t may a l s o apply t o some p h y s i c a l l y r e a l l z a b l e flow, whlch IS h o p e f u l l y not t o o d i f f e r e n t from t h e r e a l t u r b u l e n t f l o w o f i n t e re s t , and f i n a l l y , i t provides a method f o r i d e n t l f yl n g a c o u s t i c sources and d l s t l n g u i s h l n g a c o u s t i c and nonacoustlc components o f t h e unsteady motion.
The Basic Equation
The lowest-order equations are, on t h e f a c e o f I t , t h e same as before, 1.e. they a r e t h e compressi b l e R a y l e i g h ' s equations. I t I s w e l l known (Betchov and Crlrnlnale4) t h a t t h e v e l o c i t y component; can Se elim:natec! Setween these eqiiat:ons t o o b t a l n a s i n g l e equation f o r t h e normallzed f i r s torder pressure f l u c t u a t i o n : pl/poCg. where p i i s t h e a c t u a l f i r s t -o r d e r pressure f l u c t u a t i o n . p o ( y t ) I s t h e mean-flow d e n s i t y . and mean-flow sound speed where t h e l a t t e r two quanti- (
) where L denotes t h e t h i r d -o r d e r linear-wave operator t denotes t h e tlme, and D / D t = a / a t t U a / a x l i s t h e c o n v e c t i v e d e r l v a t i v e based on t h e mean-flow v e l o c i t y u(sit).
vant f o r t h e t u r b u l e n c e s e l f -n o i s e problem, I t I s a p p r o p r l a t e t o suppose t h a t t h e f l o w i s d e f i n e d over a l l space. Then ( f o r reasons given I n t h e s e c t i o n on s o l l d surface I n t e r a c t i o n s ) t h e " g u s t " o r "hydrodynamic" s o l u t i o n i s an a p p r o p r l a t e solut i o n o f Eq. ( 1 ) . But t h l s equation a l s o has (spat t a l l y growing) I n s t a b i l i t y -w a v e s o l u t i o n s whlch can e x i s t whenever t h e mean f l o w i s I n f l e c t l o n a l (Betchov and Crlminale4) have argued (Crighton.6ej L I U ,~~ Tam and Chen.38
Haertig.22 Gaster, K i t , Wygnanskl ,44 and o t h e r s ) t h a t these l a t t e r s o l u t i o n s correspond t o the experi m e n t a l l y observed large-scale t u r b u l e n t s t r u c t u r e s , i t would seem a p p r o p r i a t e t o i d e n t i f y t h e gust solut i o n w i t h t h e " f i n e -g r a i n e d " ( o r r e l a t i v e l y " t i n eg r a i n e d " ) t u r b u l e n t motlons. l a r g e -s c a l e motions which. on a g l o b a l basis, seem t o bear l i t t l e resemblance t o any motlon t h a t can be represented by e i t h e r t h e g u s t o r l i n e a r I n s t a b l l i t y -w a v e s o l u t l o n s . This should come as no s u r p r l s e , s i n c e we have already noted t h a t t h e l l ne a r i z e d s o l u t l o n can a t best remain v a l i d over r e l at i v e l y small streamwise dlstances.
We have seen t h a t t h e gust s o l u t i o n produces no a c o u s t l c r a d i a t l o n a t subsonic speeds, and the same can be s a i d f o r t h e l n s t a b l l i t y waves ( b u t see below). The asymptotlc expansion must t h e r e f o r e be Equatlon ( 5 ) I s I d e n t i c a l t o t h e source term t h a t would be produced by an e x t e r n a l l y a p p l i e d f l u c t u a t i n g f o r c e per u n i t mass f = { f l ,f2,f31 and might t h e r e f o r e be thought o f as a d i p o l e -t y p e source, since a f l u c t u a t i n g f o r c e produces such a source when t h e r e I s no mean flow. minor d i f f e r e n c e s , were f i r s t d e r i v e d by L i l l e y . 2 8 who used t h e acoustlc-analogy approach. i s now commonly r e f e r r e d t o as L i l l e y ' s equatlon. I n t h e present approach, i t a r i s e s as t h e equation f o r t h e composite second-order pressure f l u c t u a t i o n n w l t h a source term y t h a t i n v o l v e s o n l y f l r s torder s o l u t i o n s . Since these s o l u t l o n s , which s a tl s f y t h e homogeneous Eq. (1). have no a c o u s t i c f i e l d s a t subsonic speeds, w h i l e t h e second-order s o l u t i o n does, our expansion provides a (conceptual I f n o t experimental) mechanism f o r i d e n t i f y i n g a c o u s t i c and nonacoustic p a r t s o f t h e unsteady motion--but t h e r e a r e some compllcations.
The Sources o f Sound
Equations ( 4 ) t o (6). w i t h some r e l a t i v e l y
The r e s u l t
The second term i n Eq. ( 6 ) represents a d i p o l etypen source due t o t h e temperature f l u c t u a t i o n s i n t h e f l o w (Tester and Horfey42). Whtle t h i s source i s o f r e a l s i g n i f i c a n c e i n a c t u a l high-temperature J e t exhausts, I w i l l n o t discuss i t i n t h i s paper.
I concentrate r a t h e r on t h e f l r s t term. which. belnq t h e divergence o f Reynolds J ' s t r e s s ul would be produced t i n g s t r e s s f i e l d
(1 t h e f l u c t u a t i n g ( f i r s t -o r d e r ) corresponds t o t h e source t h a t by an e x t e r n a l l y a p p l l e d f l u c t u a -I t might t h e r e f o r e be . . x I s t h e i n l t l a l c i r c u m f e r e n t i a l angle made by t h e a c o u s t l c r a y associated w i t h Eq. ( 8 ) . and A denotes a " c l r c u m f e r e n t l a l d i r e c t i v i t y f a c t o r " t h a t depends on t h e c l r c u m f e r e n t l a l observation angle cp. t h e l o c a t i o n o f t h e sound source w l t h l n t h e j e t , and t h e mean-velocity and temperatures p r o f l l e s of t h e j e t .
t h a t a p p l i e s t o j e t s o f any cross s e c t l o n and w i t h any t r a n s v e r s e mean-velocity and temperature prof i l e s , b u t A and A must be c a l c u l a t e d by SOlVlng a second-order ordlnary d i f f e r e n t l a l equatlon i n t h e general case. a t l v e l y simple a n a l y t i c formulas (Goldstein21) f o r o f f -a x i s sources a t a r b i t r a r y l o c a t l o n s I n a c i rc u l a r j e t w i t h a r b i t r a r y v e l o c i t y and temperature p r o f i l e s .
used t o study t h e e f f e c t o f n o n a x l s y m e t r l c j e t v e l o c l t y and temperature p r o f l l e s I n reducing j e t n
o i s e below t h e f l i g h t p a t h o f a j e t a i r c r a f t . whlch i s of c o n s i d e r a b l e i n t e r e s t f o r t e c h n o l o g l c a l a p p l ic a t i o n (Von Glahn and Goodykoontz43). t h e p r e s e n t purpose, It i s a p p r o p r i a t e t o concent r a t e on t h e azimuthal d i r e c t i v i t y p a t t e r n , which i s r e l a t l v e l y unaffected by t h i s f a c t o r .
Equation (8) shows t h a t t h e inverse-DopplerEquation (8) i s an exact hlqh-frequency r e s u l t They are, however, g l v e n by r e lThe c l r c u m f e r e n t l a l d l r e c t l v i t y f a c t o r can be But f o r f a c t o r exponent i s Increased from 5 t o 7 I n t h e high-frequency l i m i t , s i n c e t h e l o c a l mean-flow Mach number and t h e turbulence-convection Mach number a r e u s u a l l y n o t very d l f f e r e n t I n t h e regions o f peak t u r b u l e n c e i n t e n s i t y . This taken by i t s e l f would cause t h e high-frequency sound ( l i k e t h e lowfrequency sound) t o be more d i r e c t i o n a l than L i g h t h l l l ' s Eq. 7 ) would p r e d i c t . I f , however, ( 8 ) and produces a n e t azimuthal d l r e c t l v i t y p a t t e r n t h a t i s g l v e n by t h r e e Inverse Doppler f a c t o r s --I n e x c e l l e n t agreement w i t h the e x p e r l m e n t a l l y observed o n e -t h l r d octave d i r e c t l v l t y p a t t e r n s .
The l n t e r p r e t a t i o n o f t h i s r e s u l t i s t h a t t h e reduced d l r e c t i v i t y o f t h e hlgh-frequency sound i s due t o I n t e r f e r e n c e between t h e various quadrupole components. Note t h a t t h e mean-square pressure i s now t h e product o f an azlmuthal d i r e c t i v l t y f a c t o r t h a t depends o n l y on e and a c l r c u m f e r e n t l a l d i r e c t l v l t y f a c t o r t h a t depends o n l y on cp. I t i s ,
o n g l y suggests t h a t quadrupole component I n t e r f e r e n c e e f f e c t s can g r e a t l y reduce j e t -n o l s e d l r e c t l v i t y .
Sound Generatlon Due t o Streamwise V a r i a t i o n s i n Mean Flow
The formal asymptotic expanslon I n powers o f (ul/U) can be continued t o t h e t h l r d order. A t t h i s stage, l n t e r a c t l o n s between t h e f i r s t -o r d e r p e r t u r b a t i o n s o l u t i o n and t h e streamwlse v a r l a t i o n s i n t h e mean f l o w w i l l appear i n t h e source term.
[ R e c a l l t h a t t h e r a t i o o f t h e cross-stream t o streamwise components o f t h e mean-flow v e l o c l t y I s O ( ( U ' / U )~) . w h i l e t h e f i r s t -o r d e r s o l u t i o n i s
O ( u ' / U ) . ]
Then, by decomposing the f i r s t -o r d e r s o l u t i o n i n t o I t s gust and l n s t a b l l l t y -w a v e components and making t h e connection between t h e g u s t and f i n e -g r a l n e d turbulence t h a t we dlscussed above, we I n f e r t h a t t h e source term now descrlbes sound generation due t o ( a ) t h e f i n e -g r a i n e d t u r b u l e n c e I n t e r a c t i n g w i t h streamwlse v a r l a t l o n s (1.e. spreadi n g ) o f t h e mean f l o w and ( b ) t h e l n s t a b l l l t y waves -i n t e r a c t i n g w i t h t h e streamwlse mean-flow v a r i at i o n s . The f l r s t mechanlsm has, t o my knowledge, n o t y e t been consldered i n t h e l l t e r a t u r e . The second w i l l already be accounted f o r I n t h e f i r s torder a n a l y s i s I f t h e s l o w l y v a r y l n g approximation i s used t o descrlbe t h e l n s t a b l l l t y waves. T h i s mechanism has been anal zed I n a more ad hoc f a s h i o n by Crow and Champagne,lg Ffowcs W l l l l a m s and Kempton,l4 Huerre and Crlghton.23 and L~u ,~~ and i n a systematic way by Tam and M 0 r r l s .~9 However, Tam and M 0 r r l s 3~ u l t i m a t e l y conclude t h a t t h l s source I s n o t i m p o r t a n t a t subsonic speeds whlch I s c o n s i s te n t w l t h t h e f i n d i n g s o f M0ore.3~ who s t u d l e d t h e phenomenon experlmentally by a r t l f l c l a l l y e x c i t i n g a j e t under c o n d l t l o n s t h a t tended t o mlnlmlze v o r t e x p a i r i n g . broadband n o i s e was u s u a l l y Increased r a t h e r than suppressed by t h e e x t e r n a l e x c i t a t i o n . He concluded t h a t t h e i n s t a b l l l t y wave, w h i l e n o t r a d l a t l n g noise d l r e c t l y , acted as a c o n d u i t through which energy c o u l d be t r a n s f e r r e d t o t h e small-scale t u r b u l e n t motion.
U n l i k e K i b e n~.~~ Moore found t h a t t h e
Concludinq Remarks
Comparisons o f t h e r e s u l t s o f t h e prevlous s e c t i o n w i t h experlment suggest t h a t t h e h i g hfrequency s o l u t l o n may remain v a l i d a t frequencles t h a t a r e low enough t o i n c l u d e t h e m o s t e n e r g e t l c p o r t i o n o f t h e j e t -n o l s e spectrum. This mlght a l s o be t r u e f o r o t h e r more complex t u r b u l e n t f l o w s . We may t h e r e f o r e be a b l e t o c a l c u l a t e t h e sound generated i n such flows by f l n d i n g t h e high-frequency s o l u t l o n f o r a p o l n t quadrupole source movlng 'through t h e a p p r o p r i a t e mean f l o w . Note that the leading edge of the plate is positioned in the region of maximum turbulence intensity so that its sound field will exceed the background jet noise by the maximum amount. 
